Objective: To develop a postoperative rehabilitation protocol for patients receiving autologous-chondrocyte implantation (ACI) to repair articular-cartilage defects of the knee. Data Sources: A careful review of both basic science and clinical literature, personal communication with colleagues dealing with similar cases, and the authors' experience and expertise in rehabilitating numerous patients with knee pathologies, injuries, and trauma. Data Synthesis: Postoperative rehabilitation of the ACI patient plays a critical role in the outcome of the procedure. The goals are to improve function and reduce discomfort by focusing on 3 key elements: weight bearing, range of motion, and strengthening. Conclusions: The authors present 2 flexible postoperative protocols to rehabilitate patients after an ACI procedure to the knee.
isolated chondral defects of the knee. [5] [6] [7] [8] In 1996, a surgeon now with the OsCell team in Oswestry was the first to perform the ACI procedure in the UK. To date, the OsCell team has treated 115 patients. Ninety-eight had moderate to severe defects isolated to the knee. The defects were located on the patella and medial and lateral femoral condyles. Seventeen patients had more than 1 defect. ACI patients require extensive postoperative rehabilitation. This article describes the development of 2 postoperative rehabilitation protocols for patients who have had knee defects treated with ACI. In order to restore function and relieve discomfort, the OsCell rehabilitation program combines 3 elements: weight bearing, range of motion, and strengthening. Furthermore, the holistic nature of the rehabilitation of the individual patients' needs is also considered.
Cartilage Healing
An appreciation of the complexities of in vivo cartilage healing is critical. There are essentially 3 phases of tissue healing: inflammation, fibroblastic repair, and remodeling. The inflammatory phase is a key stage in tissue healing because without it, healing does not occur. In vivo regeneration of articular cartilage is not only complex but also very slow, taking years. Furthermore, the depth, position, and geometry of a cartilage injury strongly influence the type of healing. This is partly a result of the avascular, alymphatic, and aneural nature of articular cartilage. Chondral defects have little or no inflammatory response and rely on chondrocytes for self-repair. Osteochondral injuries damage blood vessels within the bone, enabling inflammatory cells to gain access to the injured site and initiate a repair response. Tissue remodeling can take several months, however, and often results in a disorganized repair tissue termed fibrocartilage that lacks mechanical strength.
The paucity of cells and their decline with age in metabolic activity, matrix synthesis, and cell division also contribute to the poor in vivo regeneration of cartilage. The tissue is composed of chondrocytes surrounded by extracellular matrix that comprises water and a macromolecular framework. 9 As the chondrocytes occupy less than 1% of the tissue volume, the extracellular matrix is of considerable importance and provides the majority of the functionality of the tissue. Chondrocytes are responsible for mediating tissue homeostasis with ongoing maintenance and remodeling of the macromolecular framework.
Animal models have been used in an attempt to understand the process of cartilage healing. 10, 11 Breinan et al 10 created osteochondral defects in dog knees, treated them with ACI, and studied their course of healing. Their study identified 3 stages of cartilage healing; proliferation (0-6 weeks), transition (7-26 weeks), and remodeling (>27 weeks). Proliferation was identified as the rapid response of the defect to fill with primitive repair tissue, which is soft. The transitional phase is the gradual "firming up" of the graft tissue, which takes on the texture of gelatin at 3-6 months. Increased cellular activity, matrix production, and mechanical hardening are identified in the remodeling stage. Although these stages of healing might be reflected in humans, the time frames might differ.
This study and others like it clearly illustrate that cartilage healing in vivo is complex. Furthermore, many factors such as species, joint, age, geometry, and position of the defect emphasize the variability. They do provide a basis for the design of a rehabilitation protocol.
Design of the Postoperative Rehabilitation Protocols for OsCell ACI Patients
Currently, there is limited information in the literature describing rehabilitative exercise after an ACI procedure. 12 In a review article, Gillogly et al 12 described a comprehensive but generic rehabilitation protocol. This protocol and other postoperative rehabilitation guides for patients with knee injury suggest the avoidance of symptoms and the focus on protection and facilitation of full function. 12, 13 Based on these findings, the OsCell protocols focus on regaining full function, resistance training, proprioception, and muscle balance, which in turn might prevent future injury and possibly degenerative diseases.
The 98 patients treated at Oswestry had cartilage defects of the knee that differed in severity, location, and geometry. Initially we chose to divide patients into 2 groups based on the location of their defect: tibiofemoral or patellofemoral. This decision also relates to the difference in knee biomechanics that are discussed later in the article. Two protocols were designed to treat each defect. Subsequently, the geometry and location of the defect are considered because they can influence the healing potential under differing loads and stresses at varying degrees of motion. The surgeons at Oswestry carefully map the size and site of the treated defect, which aids specificity of the rehabilitation. Our previous experience indicates that postoperative rehabilitation should always establish attainable goals in agreement with the patient. Consequently, location and geometry were used in conjunction with age, training history, medical history, and psychology to help tailor the program to the patient's needs. Our ultimate goals are to relieve discomfort and improve function without jeopardizing the articularcartilage in vivo repair process. To achieve these goals we gave careful consideration to knee biomechanics in developing our protocols.
Biomechanics of the Knee
Knee biomechanics relating to the patellofemoral (PF) and tibiofemoral (TF) joints are described. The soft tissue stability of the PF joint depends on both passive (retinacular) and dynamic (quadriceps) restraints. During extension and flexion, the patella glides on the femur. Any limitation to superior and inferior patella glide can result in restricted active extension and flexion. The OsCell protocol indicates early passive patella mobilization to prevent any adherence of the patellofemoral joint and suprapatellar pouch, which can restrict patella glide and ultimately limit the movement of the knee joint, which might result from the arthrotomy incision (Table  1a, Week 2, and Table 2a , Day 1) . In all movements except full extension, only 1 part of the patella articulates with the femur at any given time. In extension, the patella sits above the trochlea notch without significant compressive load. It is not until 20° flexion that the inferior pole of the patella is in contact. The contact area moves proximally on the patella as the knee flexes. As the angle of knee flexion progresses from 20° to 90° the area of contact increases.
14 By 90° flexion, the superior portion of the patella is in contact with the trochlea. Beyond 90° the patella rides down into the intercondylar notch and the quadriceps tendon articulates with the trochlea groove. It is not until 135° of flexion that the odd facet of the patella makes contact with the medial femoral condyle. Thus, ACI patients with defects proximal on the patella wishing to avoid exercises that engage the lesion should not exercise between 60° and 90° flexion. This is an example of how the protocol should be adapted according to a specific location site and an individual's precise needs.
The patellofemoral joint-reaction force (PFJRF) is a measure of compression of the patella against the femur and depends on the quadriceps and patellar tendon tension and the angle of knee flexion.
14 During closed kinetic chain (CKC) exercises, the PFJRF is increased with flexion. Using various exercises for comparison, Reilly and Martens 15 showed that the PFJRF could increase from half body weight during level walking to 8 times body weight during squatting. Therefore, the OsCell protocol gradually introduces a progression of such exercises over time (Tables 1a and 1b, Strengthening) . During open kinetic chain (OKC) exercises, however, a greater quadriceps force is required, especially during terminal extension. 13 Therefore, straight-leg raises (SLR) and inner-range quadriceps (IRQ) exercises provide maximum stress to the quadriceps with minimal stress to the patellofemoral joint and are indicated early in the OsCell protocol.
In 1979, Hungerford and Barry 16 showed that contact stress on the patellofemoral joint was lower during an OKC knee extension (9-kg resistance) than during squatting against body weight alone between 90° and 53° of knee flexion. The reverse was true between 0° and 53° of knee flexion. Further studies have reached similar conclusions. 14, 17 McGinty et al 14 suggest that CKC exercises between 0° and 45° of knee flexion (eg, stepups, minisquats, leg presses) are better tolerated than CKC exercises involving greater degrees of flexion in PF joint problems (Table 1a , Week 4). OKC exercises between 90° and 50° and between 20° and 0° (eg, SLR, IRQ, multiple-angle isometrics) are thought to be most effective and safe during the initial stages of the PF-joint ACI rehabilitation (Table 1a , Day 1). The TF joint is free to move in flexion and extension, mediolateral translation, varus and valgus angulation, anteroposterior translation, medial and lateral rotation, and superoinferior translation. Normal range of movement ranges from 0° to 15° hyperextension and 120° to 160° of flexion. At 90° flexion the knee can laterally rotate up to 40° and medially rotate up to 30°.
14 Because of both joint articulation and passive/active restraints, the TF joint has a combination of movements during flexion and extension. Several recent studies [18] [19] [20] [21] have used a combination of magnetic resonance imaging and roentgen stereophotogrammetric analysis on both cadaveric and living loaded and unloaded knees in order to establish the normal kinematics of the tibiofemoral joint. These studies showed that as the knee extends from 120º flexion, the lateral femoral condyle moves forward by approximately 19 mm until 5º hyperextension is reached. This movement occurs by a combination of rolling and sliding (a ratio of 1:7). During the final 10º of extension, however, pure sliding is thought to occur. This corresponds with the tibia externally rotating 15º from 110º-60º flexion/extension and a further 1º from 60º-0º flexion/extension and a final 4º as the knee hyperextends 5º to "screw home." During extension there is no anteroposterior translation at the medial femoral condyle, pure sliding occurs, rotating around the flexion facet center until approximately 50º-0º extension when the MFC has been found to translate approximately 5 mm forward. At 30º-10º flexion/extension the medial femoral condyle is said to "rock" back and forth as a result of its articulation. These combined movement patterns at the TF joint are thoroughly considered in the OsCell TF-joint-site protocol design (Tables 2a and 2b , from Day 1 onward). Initially, care is taken during middle and late range of knee extension, where excessive combined movement patterns of the knee might be detrimental to the immature graft.
In order for the TF joint to function normally in this way the knee must be stable. The menisci increase the tibiofemoral contact area and therefore reduce the contact stress on the articular cartilage, which in turn might prevent degeneration. 13 The 4-bar linkage system formed by the posterior and anterior cruciate ligaments (PCL and ACL) must be intact. During OKC knee extension, the quadriceps causes both compressive and shear forces. The anterior shear of the tibia on the femur and the posterior shear force of the femur on the tibia are increased if resistance is added. The ACL is thought to provide 85% of the restraining force against this movement, especially during the last 45° of knee extension in a healthy knee.
14 Therefore, it is imperative that the knee be stable before ACI in order to prevent any abnormal movement patterns. Our operative ACI criterion rejects patients with unstable knees. McGinty 14 suggests that shear forces during an isometric contraction against a 10-lb resistance in a stable knee were greatest between 30° and 45° of flexion. There was little translation, however, between 60° and 75° of flexion. The angle at which the quadriceps produced no translatory force was found to be between 60° and 75° and is termed the quadriceps-neutral angle. Larger angles produced posterior translation of the tibia. Smaller angles produced an anterior translation of the tibia. Awareness of such shear movements is vital not only to protect the immature ACI site but also to promote function and restore normal joint biomechanics. For example, if there is a limit to TF-joint extension, passive anterior glide mobilizations to the tibia might be therapeutically indicated. 22 The 2 OsCell rehabilitation protocols are based on knee biomechanics and focus on 3 key issues: weight bearing, range of motion, and strengthening.
Weight Bearing
By skeletal maturity, articular cartilage has a specific geometry and structural composition. Weight-bearing regions tend to have thicker 23 and stiffer 24 cartilage. To date, many studies indicate that mechanical loading also regulates the maintenance of cartilage in vivo. 25, 26 Furthermore, animal studies have demonstrated that joint immobilization results in decreased synthetic activity of chondrocytes and subsequent loss of articular-cartilage thickness. [27] [28] [29] [30] [31] Exercise, particularly at low intensity, can reverse the effects of short-term immobilization. 29 The longer the period of immobilization, however, the more difficult it was to restore all the mechanical functions. 31 Some studies have reported that a period of non-weight-bearing 13 or protected touch-weight bearing 32 for up to 6 weeks followed by a further 4-6 weeks of partial weight bearing before full weight bearing for TF-lesion sites can achieve cartilage healing. In contrast, PF-joint lesion sites can progress to normal weight bearing as soon as possible, because this joint is not detrimentally loaded during normal gait. Clearly, progression should be guided by patient discomfort, mechanical symptoms, and swelling (Tables 1a, 2a , and 2b, Weight Bearing and Strengthening). This contrasts with the less flexible progression criteria described by Gillogly et al.
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Range of Motion
Range-of-motion exercises might prevent adhesions and promote circulation and can aid in pain relief. 28 A large body of evidence including both animal and human studies supports the concept that controlled, continuous passive range of motion could potentially improve cartilage healing and retard degeneration. [33] [34] [35] [36] [37] These studies concluded that 6-8 hours per day is most effective. In addition, continuous passive motion can potentially produce better quality repair tissue. The precise duration and optimal time of initiation of continuous passive motion have yet to be determined. 12 Minas and Peterson 32 recommend that it be introduced 6 hours postoperatively, when the transplanted cells have attached within the defect. With ACI patients, however, it is vital to ensure that the range of motion is neither too forceful nor too extensive to disturb the periosteal autograft. Therefore, in order to protect the immature graft for a PF-joint, range of motion is limited initially within the protocol (Tables 1a and 1b, Range of  Motion) . However, due to the differing biomechanics of the TF joint, full range of motion is encouraged early in the protocol as the stresses on the graft are thought to be less detrimental (Table 2a , Range of Motion). In our protocols we try to avoid potentially detrimental sliding movements with high contact loads but encourage contact load and range without shear movement.
Strengthening
The dynamic stability of the knee relies largely on the proprioception and strength, endurance, and power provided by the quadriceps and hamstrings. Strength training can be beneficial to the knee joint, provided that the size and location of the treated defect are carefully considered to avoid strengthening exercises that create unwanted shear movement, especially when combined with compression. As a rule, rehabilitation programs should limit deconditioning and encourage the patient to progress to resistance training as soon as possible. Deconditioning can be limited by ensuring a period of "prehabilitation" before surgery.
As soon as symptoms and stage of healing allow, specific strengthening exercises should be introduced (Tables 1a, 1b, 2a , and 2b, Strengthening). Muscle strength can be increased by working the muscle against a heavy resistance such as 3-5 repetitions maximum (ie, the maximum weight that can be controlled for 3-5 continuous repetitions); muscle endurance can be increased by working the muscle against a lighter resistance such as 20 repetitions maximum. Adequate rest periods between sets are important, and up to 3 sets can be performed. Initially, neural recruitment or adaptations are thought to be responsible for the strength gains, 38, 39 but from 8 weeks the contractile proteins in the muscle fibers and the muscle-fiber size might be influenced. 40 This time frame should be considered when devising strengthening goals with the patient. The progression of resistance will depend on individual circumstances. Consequently, our protocol is less stringent than that of Gillogly et al 12 in that it includes flexibility in the progression and amount of resistance.
Certain types of muscle contraction are important in ACI rehabilitation. Eccentric contraction of the quadriceps facilitates shock absorption during activities such as walking, running, and jumping. Eccentric muscle contraction is also the basis for plyometric-type work; an eccentrically loaded muscle converts potential energy to a forceful concentric contraction. In the early stages of the OsCell rehabilitation protocol, these exercises are performed in a partial-weight-bearing manner to allow the smooth transition of exercise progression by establishing or maintaining the neural pathways for such functional activities.
The speed with which a resisted exercise is performed and the ability of the muscle to rapidly halt a resisted movement should be introduced as part of the strengthening regime. In the early stages isometric exercises either side of the lesion might be the safest (Tables 1a and 2a , from Day 1, Strengthening). Although this might not be classed as "functional," there is a carryover of strength gained at set angles to other ranges of the joint that have not been isometrically resisted, especially if some of the isometric exercises are carried out at 90° flexion. 41, 42 At this stage, the OsCell ACI protocol cannot be more specific because it is still unclear whether shear movements and compressive loads generated by exercises used to strengthen muscles are detrimental to cartilage repair.
Conclusions
We presented 2 flexible, safe, and effective postoperative protocols to rehabilitate patients after an ACI procedure to the knee based on current literature and clinical experience. The OsCell protocol treats patellofemoral and tibiofemoral lesions differently because the biomechanics at these joints differ. Both protocols incorporate the 3 key elements, however: range of motion, weight bearing, and strengthening. These are thought to be the key elements that influence the regeneration of hyalinelike cartilage. The protocol is designed to be flexible and allow for individuals' needs and specific functional goals. For patients with more than one defect, the protocol was modified after liaising with the surgeon to discuss which area might require the greater protection or priority. Early preliminary results of patients who followed this protocol are encouraging.
